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Nuclear respiratory factor 2 (NRF-2) is a mammalian transcription factor composed of two distinct and
unrelated proteins: NRF-2α, which binds to DNA through its Ets domain, and NRF-2β, which contains the
transcription activation domain. The activity of NRF-2 in neurons is regulated by nuclear localization; however,
the mechanism by which NRF-2 is imported into the nucleus remains unknown. By using in vitro nuclear
import assays and immuno-cytofluorescence, we dissect the nuclear import pathways of NRF-2. We show
that both NRF-2α and NRF-2β contain intrinsic nuclear localization signals (NLSs): the Ets domain within
NRF-2α and the NLS within NRF-2β (amino acids 311/321: EEPPAKRQCIE) that is recognized by
importin-α:β. When NRF-2α and NRF-2β form a complex, the nuclear import of NRF-2αβ becomes strictly
dependent on the NLS within NRF-2β. Therefore, the nuclear import mechanism of NRF-2 is unique among
Ets factors. The NRF-2β NLS contains only two lysine/arginine residues, unlike other known importin-α:β-de-
pendent NLSs. Using ELISA-based binding assays, we show that it is bound by importin-α in almost the same
manner and with similar affinity to that of the classical monopartite NLSs, such as c-myc and SV40 T-antigen
NLSs. However, the part of the tryptophan array of importin-α that is essential for the recognition of classical
monopartite NLSs by generating apolar pockets for the P3 and the P5 lysine/arginine side chains is not
required for the recognition of the NRF-2β NLS. We conclude that the NRF-2β NLS is an unusual but is,
nevertheless, a bona fide monopartite-type NLS.
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.Introduction
Most nuclear proteins are transported into the
nucleus by cytoplasmic carrier proteins that bind to
the nuclear localization signal (NLS). In order to
selectively sort proteins between the cytoplasm and
the nucleus, a specific recognition of the NLS by the
carrier proteins is essential. A variety of NLSs have
been identified and the molecular mechanisms of
their recognition by carrier protein have been
characterized by biochemical approaches and crys-
tallography [1–3].
The importin-α (also called karyopherin-α) family is
one of the most well-characterized carrier protein
families. Importin-α directly binds to its cargo and the
importin-α–cargo complex is transported to the
nucleus by importin-β, which specifically binds to
the N-terminal domain of importin-α [4,5]. Althoughuthors. Published by Elsevier Ltd. Open access uthere are some exceptional NLSs that are recognized
only by unique subfamily proteins [6,7], it has been
proposed that the consensus NLS for the importin-α
family is K-K/R-X-K/R; positions are called P2–P3–
P4–P5 where lysine is essential at P2, either lysine or
arginine is allowed at P3 and P5, and any amino acid
is allowed at P4 [2]. The crystal structures of
importin-α and the NLS peptides derived from SV40
T-antigen and c-myc suggest that the negatively
charged portion and the aliphatic portion of basic
amino acids in the NLSs at positions P2, P3, and P5
contribute to their specific binding [2,8].
Nuclear respiratory factor 2 (NRF-2), which is also
known as GA-binding protein or E4 transcription
factor 1, is the only multimeric transcription factor
among the Ets transcription factor family [9]. It is
composed of two distinct and unrelated proteins:
NRF-2α, which binds to DNA through its Ets domain,J. Mol. Biol. (2013) 425, 3536–3548nder CC BY-NC-ND license.
3537Nuclear Import Mechanism of NRF-2and NRF-2β, which contains the transcription activa-
tion domain [10–12]. NRF-2 regulates lineage-specific
genes, cytosolic ribosomal proteins, genes that
control cellular growth, and mitochondria-related
genes [13–16]. NRF-2 activity is known to be
regulated by nuclear transport upon neural activation
[17]. However, the mechanism whereby NRF-2
moves to the nucleus remains uncharacterized.
Here, we study the nuclear import mechanism of
NRF-2. We identified an importin-α-dependent NLSbuffer only
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Importin-α:β mediates nuclear import of the
NRF-2αβ complex
We first sought to understand the mechanism of
nuclear import of NRF-2. It has been shown by Sawa
et al. that NRF-2α does not efficiently localize to the
nucleus when it is overexpressed alone whereas it
efficiently localizes when NRF-2β is co-expressed
[18]. This observation suggests that NRF-2β recruits
NRF-2α to the nucleus. However, since the Ets
domain by itself can be targeted to the nucleus in
several other cases [19,20], it is possible that theNRF-2α-GFP
NRF-2β
none
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Fig. 1. Importin-α:β mediates nuclear import of the NRF
incubated with TB containing GFP fusion proteins. Cells were
stained with Hoechst 33342 (blue). (a) Requirements of energy
were investigated. Cells were incubated with 0.5 μM NRF-2α
GFP-NRF-2β (lower row). GTP (0.5 mM) and an ATP-regener
added where indicated. Residual ATP was removed with hexok
were tested for their effect on the nuclear import of the NRF-2αβ
NRF-2α-GFP and NRF-2β in the presence of cytosol and energ
included in the import mixes where indicated. (c) Importin-α:β-m
proteins. Cells were incubated with 0.5 μMNRF-2α-GFP and N
2.5 μM NTF2 in the presence or absence of 0.5 μM Rch1, NPnuclear transport of NRF-2 is mediated by the Ets
domain within NRF-2α and the efficiency is in-
creased by binding to NRF-2β.
In order to clarify the NLS(s) of NRF-2 and the
carrier protein(s), we performed in vitro nuclear
import assays [21] with recombinant green fluo-
rescent protein (GFP)-fusion NRF-2 proteins. HeLa
cells were permeabilized with digitonin to solubilize
the plasma membrane and washed to remove
cytosolic components. This treatment leaves the
nuclear membrane intact. When NRF-2α-GFP was
added to the permeabilized cells alone, it was
imported into the nucleus efficiently (Fig. 1a, upper
row). Neither the addition of a GTP and ATP-
regeneration system (we call this ‘energy’ for Q69L +  Rch1-IBB
h1 +  NPI-1 +  Qip1
-2αβ complex. Digitonin-permeabilized HeLa cells were
incubated at 30 °C for 1 h before fixing. Nuclear DNA was
and cytosol for the nuclear import of NRF-2α and NRF-2β
-GFP (top and middle rows), NRF-2β (middle row), and
ation system (energy) and/or HeLa cytosol (7 mg/ml) were
inase when cytosol alone was added. (b) Several inhibitors
complex. Cells were incubated with TB containing 0.5 μM
y. 10 μMRanQ69L and 2.5 μMGST-Rch1-IBB (1/69) were
ediated nuclear import was reconstituted with recombinant
RF-2β along with 0.5 μM importin-β, 2.5 μMRanGDP, and
I-1, or Qip1.
3539Nuclear Import Mechanism of NRF-2simplicity) nor the addition of cytosol significantly
facilitated nuclear import. On the other hand, when
NRF-2β was added and most of NRF-2α-GFP
formed a heterodimer with NRF-2β, both cytosol
and energy were required for the nuclear import
(Fig. 1a, middle row). The dissociation constant of
the NRF-2αβ heterodimer in solution is below
nanomolar levels [22]. Therefore, most NRF-2
proteins in the assay are likely to form a
heterodimer. When GFP-NRF-2β was added
alone, its nuclear import was dependent on cytosol
and energy, as was import of the NRF-2α-GFP:
NRF-2β complex (Fig. 1a, lower row), suggesting
that NRF-2β mediates nuclear import of the
NRF-2αβ complex.
To define the cytosolic receptor(s) for nuclear
import of the NRF-2αβ complex, we added several
inhibitors together with NRF-2α-GFP and NRF-2β
proteins to in vitro nuclear import reactions contain-
ing cytosol and an energy regeneration system.
Most receptor-mediated import pathways rely on
importin-β-related proteins, which bind to the
substrate directly or, in the case of importin-β,
with the adaptor protein importin-α [23]. The small
GTPase Ran, which is predominantly GTP-bound in
the nucleus, binds to importin-β-related proteins in
the nucleoplasm to trigger the dissociation of the
import complex [4]. RanQ69L, a mutant form of the
Ran GTPase that dissociates cargo molecules from
most importin-β-related nuclear import receptors
[24], inhibited nuclear import of the NRF-2α-GFP:
NRF-2β complex (Fig. 1b), suggesting that impor-
tin-β-related proteins mediate the nuclear import.
The importin-β binding (IBB) domain of RAG cohort
1 (Rch1), an importin-α, specifically binds to and
masks importin-β [5]. The IBB domain of Rch1
inhibited nuclear import of the NRF-2α-GFP:
NRF-2β complex (Fig. 1b), suggesting that nuclear
import of the NRF-2αβ complex is mediated by
importin-β (and importin-α) but not by other impor-
tin-β-related proteins.
We next attempted to reconstitute the nuclear
import of the NRF-2α-GFP:NRF-2β complex
with recombinant importin-α:β and Ran. There are
three subtypes of importin-α [7]. Most of their
substrate-binding domains are highly conserved;
however, they have subtype-restricted domains
that sometimes cause distinct substrate specific-
ities [6]. Therefore, representatives of each type,
Rch1, nucleoprotein interactor 1 (NPI-1), and DNA
helicase Q1-interacting protein 1 (Qip1), were used
in these assays. As shown in Fig. 1c, importin-β
and Ran could not activate nuclear import in the
absence of importin-α, whereas Rch1, NPI-1, and
Qip1 activated nuclear import of similar levels of
NRF-2α-GFP:NRF-2β. These observations sug-
gest that the importin-α:β complex mediates the
nuclear import of NRF-2αβ via direct interaction
between importin-α and NRF-2αβ, and the regionsof importin-α that interact with NRF-2αβ are
common to all three types of importin-α.
Identification of the NLSs of NRF-2α and NRF-2β
Since the in vitro nuclear import assay above
suggested that NRF-2α alone can move to the
nucleus, we sought to determine whether NRF-2α
alone moves to the nucleus in vivo. We transfected
the constructs expressing FLAG-tagged NRF-2α
into HeLa cells and examined their nuclear localiza-
tion by immuno-cytofluorescence. Although co-
expressed NRF-2β facilitated nuclear localization
of NRF-2α as previously described [18], a significant
amount of NRF-2α localized to the nucleus even
when transfected alone (Fig. 2a). This is not due to
endogenous NRF-2β because the mutant NRF-2α
Y409E, which no longer binds to NRF-2β (Fig. 2e),
can still move to the nucleus (Fig. 2a). The nuclear
localization of NRF-2α is at least in part mediated by
the Ets domain, since all deletion constructs of
NRF-2α containing the Ets domain still localize to the
nucleus, whereas the residual region 1/319, which
lacks the Ets domain, does not efficiently localize to
the nucleus (compare the protein levels in the
cytoplasm and in the nucleus, Fig. 2b). Several
reports have suggested that the conserved basic
residues around theDNA-bindingmotifs are crucial for
nuclear targeting of Ets proteins [26–28]. Indeed, a
mutation substituting Arg376 and Arg379 (which
directly interact with DNA) with Ala inhibited the
nuclear local izat ion of NRF-2α (Fig. 2b,
NRF-2α-R376A/R379A), which supports the idea
that NRF-2α targets to the nucleus via the Ets domain.
A previous report by Sawa et al. demonstrated that
themiddle region of NRF-2β (243/330) is required and
sufficient for nuclear localization [18]. To further define
the NLS of NRF-2β, we prepared FLAG-tagged
deletion constructs of NRF-2β and examined their
nuclear localization. We showed that 311/321 is
required and sufficient for the nuclear localization of
NRF-2β: C-terminal deletions of up to amino acid 321
did not affect nuclear localization, whereas a deletion
to amino acid 310 caused a striking increase in
cytosolic localization (Fig. 2c). In addition, tagging the
311/321 peptide to GFP made it localize to the
nucleus (Fig. 2d). We also showed that the basic
residues in 311/321 are essential for the NLS function
because substituting K316 and R317 with Ala
disrupted the nuclear localization of NRF-2β.
The NLS within NRF-2β is required for the
nuclear import of the NRF-2αβ complex
The in vitro nuclear import assays above suggest
that importin-α:β is involved in the nuclear import of
the NRF-2αβ complex. We performed gel-shift
assays with recombinant proteins to test whether
importin-α:β binds to NRF-2α and/or NRF-2β. Since
wild type
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Fig. 2. Identification of the NLSs of NRF-2α and NRF-2β. (a–c) HeLa cells were transfected with pcDNA plasmids for
the expression of wild type, deletion mutants, or site-directed mutants of NRF-2α-FLAG (a and b) or FLAG-NRF-2β (c).
pcDNA-NRF-2β was co-transfected where indicated. After 36 h of incubation, cells were fixed and stained with anti-FLAG
M2, anti-mouse IgG Alexa fluor 568 (red). Nuclear DNA was stained with Hoechst 33342 (blue). (d) HeLa cells were
transfected with GFP-expressing plasmids and incubated for 36 h before fixing. (e) Since the Tyr409 side chain of NRF-2α
forms a hydrogen bond with the Glu113 side chain of the ankyrin repeats within NRF-2β [25], we introduced Glu mutation
into Tyr409 aiming to disrupt the interaction of NRF-2α and NRF-2β. Wild-type NRF-2α, but not NRF-2α-Y409E, bound to
NRF-2β-coated beads. The recombinant GST-NRF-2β protein was immobilized on glutathione beads and the beads were
mixed with NRF-2α wild type or NRF-2α-Y409E protein. After a 1-h incubation at 4 °C, the beads were washed and eluted
with elution buffer. Bound fractions and input proteins were separated by SDS-PAGE and stained with CBB. (f) Domain
architectures of NRF-2α and NRF-2β. In NRF-2α, the white bar indicates the pointed domain and the gray bar indicates the
Ets domain. In NRF-2β, the black bar indicates the ankyrin repeats and the hatched bar indicates the leucine-zipper motif.
The regions that are required for the interaction between NRF-2α and NRF-2β are indicated.
3540 Nuclear Import Mechanism of NRF-2the three types of importin-α similarly activated the
nuclear import of NRF-2αβ (Fig. 1c), we used Rch1 in
all of the following experiments.We showed that both
NRF-2α and NRF-2β bound to Rch-1:importin-β
[Fig. 3a (lanes 1 and 4) and b (lanes 1 and 2)].
Furthermore, the mutations that affected the nuclear
localization of NRF-2α and NRF-2β also inhibited the
interaction with Rch-1:importin-β [Fig. 3a (lane 6) and
b (lane 4)], suggesting that importin-α:β is involved in
the nuclear import of NRF-2α and NRF-2β in vivo.
Although the gel-shift assays above showed that
NRF-2α as well as NRF-2β could associate withimportin-α:β, the mechanism of importin-α:β recog-
nition of the NRF-2αβ complex remained unclear.
Therefore, we performed gel-shift assays using the
NRF-2α and NRF-2β mutant proteins NRF-2α-
R376A/R379A and NRF-2β-K316A/R317A, respec-
tively, which cannot bind Rch1:importin-β efficiently.
With wild-type NRF-2α and NRF-2β, bands corre-
sponding to the NRF-2α:NRF-2β complex and
NRF-2α:NRF-2β:Rch1:importin-β complex were ob-
served (Fig. 3c, lanes 5–8). The band corresponding to
NRF-2α:NRF-2β:Rch1:importin-β was also observed
when NRF-2α-R376A/R379A was used instead of
NRF-2α
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Fig. 3. The NLS within NRF-2β is required for the nuclear import of the NRF-2αβ complex. (a–c) Gel-shift assays were
performed with recombinant NRF-2α, NRF-2β, Rch1, and importin-β proteins. Protein complexes that contained NRF-2α
(a and c) and NRF-2β (b) were detected with anti-NRF-2α and anti-NRF-2β antibodies, respectively. Bands corresponding
to the protein complexes are indicated. (d) HeLa cells were transfected with plasmids expressing NRF-2α-FLAG and
NRF-2β-K316A/R317A (upper row) and NRF-2α-R376A/R379A-FLAG and NRF-2β (lower row), respectively. After 36 h of
incubation, the cells were fixed and stained with anti-FLAG M2 (red) and anti-NRF-2β antibody (green). (e) Summary of
NRF-2 nuclear import pathways. Nuclear import of NRF-2α alone is mediated by carrier-independent and/or
importin-α:β-mediated pathways. Importin-α:β binds to NRF-2α, which is required for nuclear import in vivo. Nuclear
import of the NRF-2αβ heterodimer is mediated by importin-α:β, which in turn recognizes the NLS of NRF-2β, but not that of
NRF-2α. ‘α’ and ‘β’ designate NRF-2α and NRF-2β, respectively, and ‘importin’ designates the importin-α:β complex. Gray
bars indicate the nuclear pore, black bars indicate NLSs within NRF-2α and NRF-2β, and the gray oval indicates the
C-terminal leucine-zipper of NRF-2β.
3541Nuclear Import Mechanism of NRF-2wild-type NRF-2α (Fig. 3c, lane 4) but not when
NRF-2β-K316A/R317A was used instead of wild-type
NRF-2β (Fig. 3c, lane 10). The band corresponding to
NRF-2αβ was observed in all cases (Fig. 3c, lanes 3,
7, and 9), indicating that the mutations did not inhibit
the interaction between NRF-2α and NRF-2β. Taken
together, these observations suggest that the NLS
withinNRF-2β (which contains the Lys316 andArg317residues), but not the NLS within NRF-2α (which
contains the Arg376 and Arg379 residues), is required
for the interaction betweenNRF-2αβ and importin-α:β.
Furthermore, wild-type NRF-2α could no longer
localize to the nucleus when it was co-transfected
with NRF-2β-K316A/R317A, whereas NRF-2α-
R376A/R379A localized to the nucleus when it was
co-transfected with wild-type NRF-2β (Fig. 3d),
3542 Nuclear Import Mechanism of NRF-2indicating that the NLSwithin NRF-2β, but not theNLS
within NRF-2α, is crucial for the nuclear import of the
NRF-2αβ complex in vivo.
The NRF-2β NLS and the typical monopartite
NLSs bind to importin-α in the same manner
Since the NLS of NRF-2β had never been
predicted to be an NLS, we further investigated
how importin-α:β recognizes the NLS of NRF-2β
(amino acids 311/321: EEPPAKRQCIE). Although
importin-β (not shown) and Rch-1 alone could not
bind to NRF-2β (Fig. 4, lane 2), Rch1:importin-β
bound to NRF-2β (Fig. 4, lane 4). This was probably
because like other NLSs, the N-terminal IBB domain
of importin-α masked the importin-α residual domain
and inhibited the binding of the NLS [29]. As we
expected, the IBB-deletion mutant of Rch1
(Rch1ΔIBB) showed higher affinity for NRF-2β than
the intact Rch1 (Fig. 4, lane 6). Importin-α, which is
composed of the N-terminal IBB domain and a
tandem array of 10 Armadillo repeats, contains
larger and smaller NLS binding regions spanning
through the N-terminal and C-terminal half of
Armadillo repeats, respectively [2,30]. We showed
that the larger NLS binding region is required and is
sufficient for binding to NRF-2βNLS: mutating one of
the critical residues within the larger NLS binding
region [31] inhibited the binding of Rch-1 to NRF-2β
(Fig. 4, lane 8); Rch1 (1/335) containing the IBB
domain and the first through sixth Armadillo repeats
bound to NRF-2β as efficiently as full-length Rch1
(Fig. 4, lane 10).
Gel-shift assays above indicated that the NRF-2β
NLS and the typical monopartite-type NLSs share
the binding region of importin-α [2,8]. Furthermore,
the sequences are similar in that both contain lysine/
arginine (positions of P2 and P3) and upstreamlane 1 2 3 4 5 6 7 8 9 10
NRF-2β
+
+ + + + +
+ +
+ +
+ ++ +
+ +
+ +
+
+ +
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impotin-β
Rch1(1/335)
Rch1-D192K
Fig. 4. The larger NLS binding region within importin-α
is involved in the interaction with NRF-2β. Gel-shift assays
were performed with 1 μM NRF-2β, FLAG-Rch1,
Rch1ΔIBB-FLAG, FLAG-Rch1-D192K, FLAG-Rch1(1/
335), and importin-β recombinant proteins, and the protein
complexes that contained Rch1 were detected with
anti-FLAG M2 antibody.proline residues (Fig. 5a). However, the P5 lysine/
arginine that is essential for SV40 T-antigen and
c-myc NLSs [1] is not conserved in the NRF-2β NLS
(Fig. 5a). Therefore, it was still unclear how the
NRF-2β NLS is recognized by importin-α.
In order to further dissect the interaction between
the NRF-2β NLS and importin-α, we performed
ELISA-based binding assays. Microplates were
coated with GST-NLS peptide fusion proteins
followed by the addition of appropriate dilutions of
Rch1ΔIBB-FLAG proteins, which alone could bind to
NRF-2β NLS (Fig. 4). After washing, bound
Rch1ΔIBB was detected by using immuno-chemilu-
minescence. As shown in Fig. 5b, although the
binding affinity of NRF-2β NLS with Rch1ΔIBB was
weaker than that of the SV40 T-antigen NLS, it was
as strong as that of the c-mycNLS. The estimated Kd
was about 40 nM.
Proline residues within monopartite-type NLSs
that are located upstream of the basic core are
required for the sufficient binding to importin-α [1,32].
Likewise, Ala substitutions into Pro313 and Pro314
significantly inhibited the binding to Rch1ΔIBB
(Fig. 5c) as well as the nuclear import of NRF-2β
(Fig. 5e), indicating that proline residues within
NRF-2β NLS are required for binding to importin-α.
The Pro313Ala mutation showed more severe
effects than the Pro314Ala mutation on both binding
to Rch1ΔIBB and nuclear import, suggesting that
Pro313 contributes to the recognition of importin-α
much more than Pro314.
The substitution of the P5 lysine of c-myc NLS with
alanine significantly decreased the affinity to
Rch1ΔIBB (Fig. 5b) as was previously demonstrated
[1], which suggests that the residues downstream of
lysine/arginine within NRF-2β NLS compensate for
the lack of basic residue in the position of P5. In
order to determine the residue(s) involved in binding
to importin-α, we substituted each residue of
Gln318, Cys319, Ile320, and Glu321 with Ala and
tested for its contribution to the recognition of
importin-α. As shown in Fig. 5d, Cys319Ala and
Ile320Ala mutations, but not Glu321Ala mutation
and to a lesser extent Gln318Ala mutation, de-
creased the affinity to Rch1ΔIBB. Nevertheless,
these mutations had no apparent effects on the
subcellular localization of NRF-2β except for the
Cys319Ala mutation, which caused a little cytoplas-
mic localization (Fig. 5e, asterisk). However, the
combination of Cys319Ala and Ile320Ala mutations
further decreased the affinity to Rch1ΔIBB (Fig. 5d)
and significantly inhibited the nuclear localization of
NRF-2β (Fig. 5e), indicating that Cys319 and Ile320
contribute to the interaction with importin-α. The
contribution of Ile320 was not surprising since
hydrophobic residues are often found at the P6
position of monopartite NLSs and they are required
for the maximal binding to importin-α [1]. The
combination of Gln318Ala and Cys319Ala mutations
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Fig. 5. Dissection of the interaction between importin-α and the NRF-2β NLS. (a) The NLS within NRF-2β(311/321) is
compared with SV40 T-antigen and c-mycNLSs. The sequence numberings of the NRF-2β NLS are shown. Capital letters
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3543Nuclear Import Mechanism of NRF-2did not cause a further increase in cytoplasmic
localization of NRF-2β as compared to the single
mutation of Cys319Ala (Fig. 5e), indicating that
Gln318 is not required for the nuclear localization of
NRF-2β in vivo.
NRF-2β NLS and the typical monopartite NLS
show distinct requirements for the tryptophan
residue of importin-α that is involved in
recognition of the P5 side chain
The results above indicate that not only lysine/
arginine but also cysteine is allowed in the P5position of monopartite NLS. NRF-2β NLS and
typical monopartite NLS may adopt different confor-
mations when they bind to importin-α or, alternative-
ly, they adopt the same conformation but are
recognized by importin-α in a different manner.
Crystal structures of the complex of importin-α and
monopartite NLS show that the peptide backbone of
the NLS is held in an extended conformation by
evenly spaced hydrogen bonds with importin-α. Two
asparagine residues within importin-α, which corre-
spond to Asn146 and Asn188 of Rch-1, make
bidentate hydrogen-bonding interactions with the
main-chain amide groups at positions P3 and P5 of
3544 Nuclear Import Mechanism of NRF-2the NLS peptide (Fig. 6c and Refs [2,8]). We used
ELISA assays to examine the requirements of these
asparagine residues for the binding of importin-α to(c)
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3545Nuclear Import Mechanism of NRF-2both mutations disrupted the interaction with the
NRF-2βNLS (Fig. 6a), suggesting that the backbone
of NRF-2β NLS adopts a similar conformation to
the typical monopartite NLSs when it is bound by
importin-α.
The observation above suggests that the side
chains of NRF-2β NLS peptide dock into the cavity
of importin-α Armadillo repeats in a similar way to
typical monopartite NLSs. Crystal structures of the
complex of importin-α and monopartite NLS showed
that the tryptophan residues within importin-α
generate apolar pockets that are able to accommo-
date the aliphatic portion of the P3 and P5 lysine/
arginine side chains of the NLSs (Fig. 6c and Refs
[2,8]). The Ala substitution of Trp184, which in-
teracts with both the P3 and P5 residues of the c-myc
and the SV40 T-antigen NLSs, significantly inhibited
the interactions with both c-myc and NRF-2β NLSs
(Fig. 6b, open squares). On the other hand, the Ala
substitution of Trp142, which interacts only with the
P5 residue of the c-myc and the SV40 T-antigen
NLSs, inhibited the interaction with c-myc NLS, yet
had only a minor effect on the interaction with
NRF-2β NLS (Fig. 6b, filled circles). These obser-
vations indicate that the tryptophan residues within
Rch1 contribute to the recognition of NRF-2β NLS in
a different fashion from that of the c-myc NLS:
Trp184 contributes to the recognition of the P3
position, but Trp142 has only minimal contribution to
the recognition of the P5 position.Discussion
In this report, we identified an importin-α-depen-
dent NLS in the NRF-2 β subunit, which is
predominantly used for the nuclear import of the
NRF-2αβ complex. We also showed that NRF-2α
alone is able to translocate into the nucleus, but this
process is rather slow in vivo so that when α and β
subunits are both present in the cell, it is more likely
that αβ complexes move to the nucleus. This
mechanism may provide a unique means to regulate
transcriptional activity of NRF-2 among other Ets
transcription factor proteins, which are mostly
monomeric and whose nuclear import depends on
the Ets DNA binding domain.
We showed that NRF-2α has an intrinsic NLS within
the Ets domain. Our data suggest that both carrier-
independent and importin-α:β-mediated pathways are
possible for the import of NRF-2α (Fig. 3e). Both
pathways are also suggested for the nuclear import of
other Ets proteins—carrier-independent pathway
for PU.1 and importin-α:β-mediated pathway for
Fli-1 [20,27]—indicating that these pathways are
conserved among Ets proteins. It appeared that the
nuclear import of NRF-2α alone is not an efficient
event in vivo as compared to that of the NRF-2αβ
complex. It is unlikely that the residual domain ofNRF-2α inhibits nuclear import, since the 1/319
deletion had no effect on its subcellular localization.
Therefore, it is probable that the nuclear-localization
capability of the NRF-2α Ets domain is not as strong
as the NLS of NRF-2β. Ets proteins often have
additional NLSs other than those in their Ets
domains [26,27], which suggests that multiple
NLSs are required for the efficient nuclear localiza-
tion of Ets proteins.
Consistent with the findings of Sawa et al. [18], our
results indicate that the nuclear import of the
NRF-2αβ complex is strictly dependent on NRF-2β
(Fig. 4c). This mechanism would facilitate NRF-2αβ
heterodimer translocation into the nucleus while at
the same time impeding the nuclear translocation of
NRF-2α, which alone cannot activate targeted gene
transcription [12,18,33]. Although several reports
have suggested that the amount of NRF-2α is lower
than that of NRF-2β and is limiting for complex
assembly [14,33], this does not exclude the possi-
bility that NRF-2α may exist alone in the nucleus in
vivo. Although the biological functions of the NRF-2α
monomer have not been elucidated, NRF-2α may
act as a transcriptional repressor when not bound by
NRF-2β. It is probable that the multiple nuclear
import pathways of NRF-2 subunits serve to activate
or repress the target gene transcription under
different conditions.
The NRF-2β NLS (amino acids 311/321: EEP-
PAKRQCIE) contains only two lysine/arginine res-
idues unlike other known importin-α-dependent
NLSs, which contain at least three basic residues
[3]. However, binding assays between NRF-2β NLS
and a series of importin-α mutants suggested that
the NRF-2β NLS is recognized by importin-α in a
similar way to the typical monopartite NLSs. This
apparent discrepancy is explained by the unexpect-
ed contribution of a cysteine residue at the P5
position of NRF-2β NLS. We showed that this
cysteine residue is required for the nuclear locali-
zation of NRF-2β in vivo as well as for the binding of
importin-α. Differential requirements of a tryptophan
array in importin-α for binding NRF-2β NLS and
typical monopartite NLS (Fig. 6c) suggested a
distinct yet unknown manner by which P5 cysteine
is recognized by importin-α. The aforementioned
cysteine residue in the NLS suggests a possible
regulation of nuclear import upon changes in the
redox state of the cell. Intriguingly, it has been
shown that NRF-2 transcriptional activity is sensitive
to pro-oxidant conditions [34]. Although this effect
was attributed to the decreased DNA binding
activity of NRF-2α [34,35], it is possible that the
nuclear import of the NRF-2αβ complex is also
subject to redox changes. Future studies should
lead to deeper understanding of the regulation of
pleiotropic NRF-2 function at the level of nuclear
transport such as transcription of respiratory genes
upon neural activation.
3546 Nuclear Import Mechanism of NRF-2Materials and Methods
Cell culture and transfection
HeLa cells were cultured in Dulbecco's modified Eagle's
medium supplemented with 10% fetal bovine serum in the
presence of penicillin (100 U/ml) and streptomycin
(100 μg/ml) at 37 °C in 5% CO2. Cells (4 × 10
4 per well
on a 4-well SonicSeal Slide, Nunc) were transfected with
pcDNA plasmids (100 ng total) using LipofectAMINE
Reagent (Invitrogen), followed by a 36-h incubation before
fixation.Plasmid constructions
The construction of the human NRF-2α and NRF-2β
expression plasmids, pcDNA-NRF-2α, pcDNA-NRF-2β,
and pGEX-NRF-2β, was described previously [36,37].
The open reading frame (ORF) of NRF-2α was amplified
by PCR and cloned into the NdeI/HindIII sites of pET20b
(pET-NRF-2α). The ORF of GFP was cloned into the
KpnI/BamHI sites in the pcDNA vector and the BamHI
site of pGEX-4T (pGEX-GFP). The ORFs of
GFP-NRF-2β and NRF-2α-GFP were amplified by PCR
and cloned into pGEX-NRF-2β and pET-NRF-2α to
construct pGEX-GFP-NRF-2β and pET-NRF-2α-GFP,
respectively, using the restriction-site-free method de-
scribed in Chen et al. [38]. The expression vectors for
mouse Rch1, NPI-1, Qip1, HA-tagged importin-β, wild-
type human Ran, the Q69L mutant of Ran, and human
NTF2/p10 were gifts from Dr. Yoshihiro Yoneda. The
FLAG epitope (DYKDDDDK), 311/321 aa of NRF-2β, the
NLS peptide (TPPKKKRKVEDS) derived from SV40
T-antigen [39], and the NLS peptide (PAAKRVKLD)
derived from c-myc [40] were inserted into the appropri-
ate sites using the QuikChange Site-Directed Mutagen-
esis Kit (Stratagene). Deletion mutants as well as
site-directed mutants of NRF-2α, NRF-2β, Rch1, and
importin-β were also constructed using the QuikChange
kit; 1–69 aa is deleted in Rch1ΔIBB.Immunofluorescence
HeLa cells were fixed in phosphate-buffered saline
(PBS) with 4% (v/v) formaldehyde and stained with the
following antibodies diluted in PBS with 0.1% Triton X-100,
3%w/v bovine serum albumin (BSA), and 0.5% (v/v) whole
goat serum (ICN): mouse anti-FLAG M2 (Sigma; 1:2000),
rabbit anti-NRF-2β [36] (1:1000), anti-mouse IgG Alexa
fluor 568 (Molecular Probes; 1:2000), and anti-rabbit IgG
FITC (Sigma; 1:1000). For DNA staining, Hoechst 33342
(Molecular Probes) was used at 1 μg/ml. The cells were
analyzed by confocal microscopy with a Leica TCS SP2
spectral confocal microscope.
Recombinant proteins
pET-NRF-2α vectors were transformed into the Rosetta
(DE3) strain (Novagen). Cells were grown to OD600 (optical
density at 600 nm) = 0.5 in LB medium. IPTG was then
added to a final concentration of 0.1 mM, and the cells weregrown for an additional 12 h at 25 °C. Cells were collected,
resuspended in buffer A (20 mM potassium phosphate,
pH 7.3, 0.1 M KCl, 5 mM 2-mercaptoethanol, and 0.2 mM
PMSF), and lysed by sonication. S100 fractions were
applied to Ni2+-precharged Hi-Trap chelating columns (GE
Healthcare) and eluted with a gradient of imidazole. Peak
fractions were collected, dialyzed against buffer A, and
further purified by anion chromatography. pGEX-NRF-2β,
-Rch1, -NPI-1, -Qip1, -importin-β, and -GFP vectors were
transformed into the Rosetta (DE3) strain. Cells were
induced under the same conditions as with the NRF-2α
proteins. S100 fractions in buffer A were applied to GSTrap
FastFlow (GE Healthcare) and eluted with 10 mM glutathi-
one. GST-fusion proteins were digested with thrombin
protease (GE Healthcare) and the free GST protein was
removed by anion chromatography. Ran, RanQ69L, and
NTF2 proteins were produced and purified as previously
described [41,42]. Purified proteins were dialyzed against
transport buffer [TB; 20 mM Hepes–KOH, pH 7.3, 110 mM
potassium acetate, 5 mM sodium acetate, 2 mM magne-
sium acetate, 0.2 mM ethylene glycol bis(β-aminoethyl
ether) N,N′-tetraacetic acid, and 0.5 mM DTT] containing
10% (v/v) glycerol and stored at −80 °C. RanGDP was
stored in TB containing glycerol and 10 μM GDP.
In vitro nuclear import assays
Total cytosolic extract of HeLa cells was prepared as
previously described [21]. Briefly, HeLa cells grown to
confluence were harvested and washed with PBS. Cells
were immersed in lysis buffer (10 mM Hepes–KOH,
pH 7.3, 10 mM potassium acetate, 2 mM magnesium
acetate, and 0.5 mM DTT) and ground by dounce
homogenizer. Cell debris and the nuclear fraction were
removed by centrifugation for 20 min at 10,000g. The
supernatant was collected and dialyzed against TB
containing protease inhibitors (complete EDTA-free prote-
ase inhibitor mixture tablet, Roche).
For import assays, HeLa cells grown on SonicSeal Slides
werewashed twicewith TB and permeabilizedwith 40 μg/ml
digitonin (Calbiochem) in TB containing protease inhibitors
and 2% (w/v) BSA for 5 min at 4 °C. After three washes with
TB, the cells were incubated with 200 μl of the import mix for
1 h at 30 °C or 2 to 15 min at room temperature where
indicated. Reactions were terminated by adding 2% (v/v)
formaldehyde. Import mixes included TB with 0.5 μM
GFP-fusion proteins, 7 mg/ml cytosol, 0.5 mM GTP, and
an ATP-regeneration system (1 mM ATP, 5 mM creatine
phosphate, and 5 μg/ml creatine phosphokinase). To
deplete residual ATP, we added 5 mM glucose and 1.8 U/
ml hexokinase (Roche) to the import mix. The reconstituted
importin mix included TB with 0.5 μM importin-α, 0.5 μM
importin-β, 2.5 μM RanGDP, and 2.5 μM NTF2. To inhibit
several pathways of nuclear import, we added 10 μM
RanQ69L or 2.5 μM GST-Rch1 (1/69). GFP-fusion proteins
were detected by confocal microscopy with a Leica TCS
SP2 spectral confocal microscope.Protein binding assays
GST-NRF-2β (10 μg) was immobilized on 10 μl of
glutathione Sepharose 4B (GE Healthcare) and mixed with
10 μgofNRF-2αproteins in 200 μl of TB containing 0.05% (v/
3547Nuclear Import Mechanism of NRF-2v) NP-40. After incubation for 1 h at 4 °C, beads were
collected, washed with TB containing NP-40, and eluted with
elution buffer (50 mM Tris–HCl, pH 6.8, 2% SDS, and 10%
glycerol).
For gel-shift assays, 1 μM each of recombinant proteins
were mixed in 10 μl of TB containing 10% glycerol. After
incubation for 1 h at 4 °C, 3 μl of binding mix was loaded
onto a 5% (w/v) non-denaturing polyacrylamide gel [mono:
bis-acrylamide = 80:1 (w:w)] containing 2.5% (v/v) glycer-
ol in electrophoresis buffer (20 mM Tris–acetate, pH 7.4,
50 mM potassium acetate, and 1 mM ethylenediaminete-
traacetic acid). After electrophoresis for 3 h at 100 V at
4 °C, gels were blotted onto nitrocellulose membranes and
proteins were detected by immuno-blotting with antibodies
as follows: rabbit anti-NRF-2β, rabbit anti-NRF-2α, and
mouse anti-FLAG M2.
For ELISA-based binding assays, 0.5 μM GST proteins
was immobilized on 8-well microplates (#469949, Nunc).
After blocking with TB containing 0.2% (w/v) BSA for 1 h at
4 °C, we added to the respective wells 80 μl of binding mix
with appropriate concentrations of Rch1ΔIBB-FLAG pro-
teins in binding buffer [TB containing 0.2% (w/v) BSA,
0.05% (v/v) Tween-20]. After incubation overnight at 4 °C,
wells were washed three times with binding buffer and
incubated with anti-FLAG M2 (1:7000) and anti-mouse
IgG-HRP conjugate (Sigma, 1:7000) in TBS-T. After
washing, the substrate solution containing TMB (BioFX)
was added to the wells for color development. After adding
H2SO4, absorbance was measured at 450 nm using a
microplate reader (Molecular Devices). Data were pre-
sented after subtracting the absorbance of the experi-
ments with GST-null proteins as background signals.Acknowledgements
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